A sensitivity and uncertainty analysis was performed for a critical configuration at the VENUS-F facility using three major nuclear data libraries (JENDL-4.0, ENDF/B-VII.1, and JEFF-3.1.2) and the JENDL-4.0 covariance data. Differences in k eff between the nuclear data libraries are shown to be smaller than those between the geometric models/calculation methodologies. Both the diffusion and transport methodologies in the criticality calculation provide similar results for the differences in k eff between JENDL-4.0 and ENDF/B-VII.1 (∼450 pcm) and between JENDL-4.0 and JEFF-3.1.2 (∼270 pcm). Major contributors to these differences are identified along with sensitivity coefficients. Among nuclear data parameters, the k eff of the VENUS-F core is sensitive to the fission cross section, fission neutron multiplicity, and capture cross section of uranium as well as the elastic scattering parameters of lead and 56 Fe. It was found that these parameters have a considerable impact on the differences in k eff . However, their positive and negative elements cancel each other out, thereby resulting in a relatively small difference. Based on the JENDL-4.0 covariance data, the total uncertainty induced by the nuclear data is evaluated to exhibit a 0.833% δk/k (1σ).
Introduction
The Belgian Nuclear Research Centre (SCK•CEN) has conducted research and development activities on the Multi-purpose hYbrid Research Reactor for High-tech Applications (MYRRHA) facility, [1] and has continued the design studies on the technical feasibility of the transmutation in the framework of the Integrated Project EUROpean research program for the TRANSmutation of high level nuclear waste in an accelerator driven system project (IP-EUROTRANS). Under the framework of the GUINEVERE project (2006) (2007) (2008) (2009) (2010) (2011) , as a part of IP-EUROTRANS project, the VENUS reactor at the SCK•CEN Mol site has been revised to a zero-power fast lead-based reactor (VENUS-F) coupled with a deuteron accelerator (GENEPI-3C [2] ). For the neutronics design of such nuclear systems, it is important to determine the safety margin in the criticality calculations. Among various possible sources of uncertainty in the criticality (k eff ), the uncertainty of the nuclear data is considered to have a significant impact on the total uncertainty value. To quantify these nuclear data uncertainties, much effort has been devoted to evaluating the covariance data of the nuclear data parameters. Thanks to the recent evaluation of covariance data for lead isotopes in JENDL-4.0 [3] , the uncertainties induced by nuclear data can be comprehensively estimated for lead-based fast reactors. In this analysis, we focus on a critical configuration of the VENUS-F core as a representative reactor of lead-or lead-bismuth-based fast reactors such as MYRRHA and future accelerator-driven systems, and estimate its effective multiplication factor (k eff ) using existing nuclear data libraries: JENDL-4.0, ENDF/B-VII.1 [4] , and JEFF-3.1.2 [5] . The variation in k eff for typical deterministic methodologies (the diffusion and transport theories) and geometric modeling (three-dimensional XYZ and two-dimensional RZ models) is also investigated. Furthermore, we will investigate the cause for the differences in k eff between the nuclear data libraries using sensitivity coefficients computed with a sensitivity analysis code SAGEP [6] . Finally, the uncertainty induced by the nuclear data is evaluated using the JENDL-4.0 covariance data.
The VENUS-F critical core and geometric modeling
Because a detailed description of the configuration is given in Refs [7, 8] , only a brief explanation is provided here. The reactor core contains 30 wt% enriched uranium and cylindrical-structured lead reflector, and consists of a 12×12 grid filled with fuel and lead assemblies, control rods, and safety rods. The concept of the fuel assemblies is based on the experience in the MASURCA facility at CEA Cadarache. In order to allow a safe shutdown in all situations, six safety rods consisting of boron carbide with a fuel/lead follower are positioned inside the reactor core. The control rods also consist of boron carbide. The analysis performed with homogenized cells for two geometric models: three-dimensional XYZ and simplified two-dimensional RZ models. A horizontal cross sectional view of the XYZ model of the VENUS core is shown in Fig. 1 , and the simplified RZ model of the VENUS-F core is shown in Fig. 2 .
Calculation methods
The deterministic calculation of k eff , which includes the sensitivity and uncertainty analysis was performed with the MARBLE code system developed in JAEA [9] . In the MARBLE system, neutronics calculation modules such as CITATION-FBR [10] , PARTISN [11] , SRAROM-UF [12] and SAGEP were encapsulated in a user-friendly manner. Macroscopic effective cross sections were calculated using the cell calculation module, SLAROM-UF, in the MARBLE system containing a homogeneous cell model in a 70-energy-group structure with energies ranging from 0.1 eV to 20 MeV. For the nuclear data library, the fast reactor group constant sets of JENDL-4.0 (UFLIB.J40 [13] ), ENDF/B-VII.1 (UFLIB.E71), and JEFF-3.1.2 (UFLIB-F312) were used. The k eff values were calculated with different types of deterministic models: the diffusion and transport theories by using CITATION-FBR and PARTISN, respectively. The sensitivity coefficients of k eff were computed using SAGEP.
Results and discussion

Criticality
The results of the k eff value are listed in Table 1 . Note that the differences in k eff between the nuclear data libraries are smaller than those between the geometric models/calculation methodologies. With respect to the nuclear data libraries, ENDF/B-VII.1 yields the highest k eff , and the difference from JENDL-4.0 is approximately +450 pcm for any of the models/methodologies. Conversely, the k eff calculated with JEFF-3.1.2 is 270 pcm higher than that calculated using JENDL-4.0. 
Cause of the difference in criticality
To investigate the cause of the differences in k eff between the nuclear data libraries, the sensitivity coefficients of k eff were calculated using SAGEP. The sensitivity coefficient of k eff to perturbations in a single energy group g of a particular nuclear data parameter σ is defined as
The SAGEP code computes the sensitivity coefficients on the basis of the diffusion theory for the following parameters: capture, σ cap ; fission, σ fis ; elastic scattering, σ el ; inelastic scattering, σ inl ; (n,2n) reaction, σ n2n ; average cosine of scattered neutrons,μ; fission neutron multiplicity, ν; and fission neutron spectrum, χ. The sensitivity coefficients of k eff calculated using JENDL-4.0 for major isotopes are shown in Fig. 3 . The fission cross section and ν value of 235 U and 238 U show very high sensitivity coefficients in the energy range from 10 keV to 10 MeV and above 1 MeV, respectively, which correspond to large positive effects on the reactivity. The elastic scattering cross section of the lead isotopes and that of the stainless steel constituents exhibit positive sensitivities (from 10 keV to 10 MeV). In contrast, the ν values of these isotopes exhibit negative sensitivities. These sensitive parameters can cause significant differences in k eff for changes in the cross sections.
Contributions to the difference in k eff between the different nuclear data libraries were analyzed using the sensitivity method. From Eq. (1), the relative change by replacing a particular nuclear data parameter of JENDL-4.0 to that of ENDF/B-VII.1 can be written as
For the scattering matrix such as elastic scattering, the relative change is expressed as
where i and j indicate the energy group of the incoming and outgoing neutrons, respectively. Table 2 lists the major contributions to the differences in k eff of ENDF/B-VII.1 and JEFF-3.1.2 from that of JENDL-4.0. Because the difference in k eff between the nuclear data libraries contains positive and negative elements, some contributions cancel each other out, thereby resulting in a reduction of the total value. Figure 4 shows the sensitivity coefficients of k eff with respect to the fission cross section of 235 U, relative differences in k eff from JENDL-4.0, and relative differences in the fission cross section of 235 U from JENDL-4.0 and 1σ standard deviation of JENDL-4.0. Although the standard deviations are relatively small for energies above 10 keV, a considerable difference is observed in this energy region. This difference from 10 keV to 1 MeV affects the difference in k eff . Figure 5 shows the sensitivity coefficients with respect to the ν value of 235 U, relative differences in k eff from JENDL-4.0, and relative differences in the ν value of 235 U from JENDL-4.0 and 1σ standard deviation of JENDL-4.0. Even a slight difference in the ν value below 1% at the energies of several hundred keV affects the difference in k eff between JENDL-4.0 and ENDF/B-VII.1. 
Uncertainty induced by nuclear data
The uncertainty induced by nuclear data was calculated with the sensitivity coefficient and covariance data of JENDL-4.0. The relative uncertainty in k eff is given by
where G is the sensitivity coefficient vector, M is the cross-section covariance matrix, and T denotes the transpose of the matrix. In this analysis, ERRORJ [15] was used to process the JENDL-4.0 covariance data to a 70-energy-group matrix structure. The list of nuclides used in this analysis are as follows:
235 U, 238 U, 10 Table 3 , the total uncertainty in k eff was 0.833% δk/k (1σ). This uncertainty was largely dominated by 235 U, 238 U, 208 Pb, and 56 Fe. As for the nuclear data parameters, the parameters related to the elastic scattering (σ el andμ) of lead were the most dominant for the total uncertainty. Figure 6 shows the energy breakdown of the uncertainty in k eff and the JENDL-4.0 covariance data (1σ standard deviations) with respect to the three representative parameters ( 208 Pb elastic scattering, 235 U fission, and 238 U capture). Although relatively large standard deviations can be observed above 1 MeV or below 1 keV, the uncertainty in k eff is mainly caused by the covariance data in the energy range from 1 keV to 1 MeV. 
Summary and conclusion
A sensitivity and uncertainty analysis was performed for a critical configuration at the VENUS-F facility with three major nuclear data libraries (JENDL-4.0, ENDF/B-VII.1, and JEFF-3.1.2) and the JENDL-4.0 covariance data. As the result of the criticality calculation, differences in k eff between the nuclear data libraries were smaller than those between the geometric models/calculation methodologies. Both the diffusion and transport methodologies in the criticality calculation showed similar differences in k eff between the JENDL-4.0 and ENDF/B-VII.1 (∼450 pcm) and between JENDL-4.0 and JEFF-3.1.2 (∼270 pcm). The major contributors to these differences were identified with the use of the sensitivity coefficients. Among the nuclear data parameters, the criticality of the VENUS-F core is sensitive to the fission cross section, fission neutron multiplicity, and capture cross section of uranium as well as the elastic scattering cross section and average cosine of the scattered neutrons of lead and 56 Fe. The analysis with the sensitivity coefficients showed that these parameters have a considerable impact on the differences in k eff . However their positive and negative elements cancel each other out, thereby resulting in a relatively small difference. Based on the JENDL-4.0 covariance data, the total uncertainty in k eff induced by nuclear data was evaluated as 0.833% δk/k (1σ). Among many contributors to the uncertainty of the criticality, we identified the following major parameters:
• Fission cross section of 235 U (from 1 keV to 1 MeV)
• Capture cross section of 238 U (from 1 keV to 1 MeV)
• Elastic scattering cross section of 208 Pb (from 40 keV to 1 MeV).
To reduce the uncertainty in k eff of lead fast reactors with uranium fuel, a concentrated effort should be devoted to reducing the nuclear data uncertainties in this energy region.
